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DESCRIPTION 
FUEL CELL SYSTEM 



5 FIELD OF THE INVENTION 

This invention relates to a fuel cell system and more particularly, relates 
to startup control for a fael cell system. 

10 BACKGROUND OF THE INVENTION 

A poljmaer electrolyte fuel cell comprises a polymer electrolyte membrane 
displaying proton permeability and a porous catalyst-electrode provided on both 
sides of the membrane. Air (or oxygen) and hydrogen are respectively supplied 

15 to electrodes and power generation is performed as a result of electrochemical 
reactions between hydrogen and oxygen present in the air. 

When protons pass through the polymer membrane, the polymer 
membrane neatr to the anode is dried as a result of the migration of protons 
together with water molecules due to electro-osmosis. This drying process 

20 reduces the electrical conductivity of the poljrmer membrane and therefore has an 
adverse effect on power generation characteristics. The drying process may be 
prevented by moisturizing the hydrogen gas and air which are suppHed to the 
electrodes. Tokkai 2001-256989 pubhshed by the Japanese Patent OflBce in 
2001 discloses a humidifying device using water (or pure water) from a water 

25 tank in order to humidify supplied gases such as hydrogen and air. A polymer 
electrolyte fuel ceU employing an external hximidifying system is provided with a 
humidifying device for humidifying gases supphed to the fael cell on an external 
section of the fuel cell. However when the fuel cell system is disposed in an 
external environment at a temperature of less than 0 °C, it is not possible to 

30 himiidify supplied gases such as hydrogen or air due to the fact that the water in 
the water tank freezes. Consequently, the fuel cell can only be started up after 



-2- 

melting ice in the water tank. A prior art technique prevents freezing of water 
by using an electrical heater to heat the water tank or the humidifying device 
when the external temperature is less than 0 °C. 

5 SUMMARY OF THE INVENTION 

However the technique above increases the load on the battery due to the 
extremely large amount of power used by the electrical heater in order to prevent 
freezing of water. 

10 A fuel cell system sometimes comprises a tiemperature regulation device 

which regulates the temperature of a coolant flowing through the fuel cell so that 
the fuel cell is maintsiined to a suitable temperature. The temperature of the 
coolant in the fiiel ceU is increased using waste heat resulting from power 
generation in the fuel cell. 

15 It is therefore an object of this invention to obtain a temperature increase 

at startup of the fuel cell system so as to melt ice in the water tank without extra 
fael consumption or power consumption. 

In order to achieve the above object, this invention provides a fuel ceU 
system having: a fuel cell generating power as a resTilt of chemical reactions 

20 between supplied gases, wherein a coolant flows in the fuel cell and undergoes a 
temperature increase as a result of absorbing waste heat produced by power 
generation in the fael cell; a water tank; a humidifying device for humidifying at 
least one suppHed gas by using water from the water tank; and a coolant 
temperature regulation device for regulating a temperature of the coolant flowing 

25 inside the fael cell so as to control the temperature of the fael cell. 

The fuel cell system comprises a defrosting device for melting ice in the 
water tank by applying heat of the coolant to the water tank; a coolant 
recirculation passage for allowing a recirculation of the coolant through the 
defrosting device and the fuel cell; a flow generator for generating a flow of the 

30 coolant from the fael cell to the defrosting device; and a controller for controlling 
a startup operation of the fael cell system. The controller has the function of 
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controUing the flow generator to generate a flow of coolant from the fuel cell to 
the defrosting device so as to melt ice in the water tank while the startup 
operation of the fuel cell system. The coolant has the function of absorbing waste 
heat resulting from power generation operations and melting ice in the water 
5 tank. 

Further, this invention provides a control method for controlling a fuel 
cell system, the fuel cell system having: a fiiel cell generating power as a result of 
chemical reactions between supplied gases, wherein a coolsmt flows in the fuel 
cell and undergoes a temperature increase as a result of absorbing waiste heat 

10 produced by power generation in the fuel cell; a water tank; a hinnidifying device 
for himiidifying at least one supplied gas by using water from the water tank; 
and a coolant temperature regiilation device for regulating a temperature of the 
coolant flowing inside the fuel cell so as to control the temperature of the fuel cell. 
The control method comprises the steps of providing a defrosting device 

15 for melting ice in the water tank by appljdng heat of the coolant to the water 
tank; providing a coolant recirculation passage for adlowing a recirculation of the 
coolant through the defrosting device and the fuel cell; and generating a flow of 
coolant from the fuel cell to the defrosting device so as to melt ice in the water 
tank while a startup operation of the fuel cell system. 

20 The details as weU as other features and advantages of this invention are 

set forth in the remainder of the specification and are shown in the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 

FIG. 1 is a schematic diagram of a fuel cell system according to a first 
embodiment of this invention. 

FIG. 2 is a flowchart of a setting routine for a below-freezing startup 
mode flag as defined by the first embodiment. 
30 FIG. 3 is a flowchart showing a first startup control routine according to 

the first embodiment. 
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FIG. 4 is a flowcliart showing a second startup control routine according 
to the first embodiment. 

FIG. 5A is a graph showing temporal variation of heat generation in a 
combustor and power generation of a fuel cell according to the first embodiment. 
FIG. 5B is a graph showing the temperature of the fael cell according to the first 
embodiment, FIG. 5C is a graph showing the amount of melted ice in a water 
tank according to the first embodiment. 

FIG. 6 is a schematic diagram of a fael ceU system according to a second 
embodiment. 

FIG. 7 is a flowchart showing a startup control routine according to the 
second embodiment. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Although fuel cell systems shown in the embodiments below are adapted 
for use with a vehicle, the fiiel ceU systems may be suitably modified in order to 
allow use in an electrical appliance. 

Referring to FIG. 1 of the drawings, a fael cell system as defined by a first 
embodiment of the invention will be described. 

The fael cell system comprises a fael cell 1 provided with an air passage, 
a hydrogen passage and a coolant passage 95, and a humidifying device 34 
disposed on an external section of the fael ceU 1. The fael cell 1 is a polymer 
electrolyte fael cell. In a usual case, hydrogen gas and air suppUed to the fael cell 
1 are humidified using water resulting fi-om chemical reactions extracted by a 
porous separator in the fuel cell 1. Hereafter suppUed air and hydrogen gas are 
sometimes simply referred to as supphed gas. On the other hand, when the 
temperature in the fael cell 1 increases as a result of an increase in the load on 
the fael ceU 1 and thus a suitable humidity level can not be maintained by only 
himudifying the inside of the fael cell 1 (for example, in the temperature region 
greater than or equal to a fixed value T3 in FIG. 5), the humidifying device 34 
performs auxihary humidifying operations on the air and hydrogen gas using 
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water from a water tank 31. The hiimidified air and hydrogen gas is supphed to 
each electrode in the fuel cell 1. 

The hydrogen is supplied from a hydrogen tank 2 to an injector 5 through 
a hydrogen supply passage 6, The hydrogen is introduced from the injector 5 
5 into a hydrogen passage inlet 7 of the fuel cell 1. A hydrogen passage outlet 8 of 
the fuel cell 1 is connected to the injector 5 through a hydrogen recirculation 
passage 9. When a cut-off valve 3 is in the open position, hydrogen returns from 
the hydrogen passage outlet 8 to the injector 5 through a cut-off valve 70. The 
cut-off valve 3 is normally in the closed position. Air is pressurized by a 
10 compressor 11 and is supplied to an air passage inlet 13 of the fuel cell 1 through 
an air supply passage 12. 

Water in the water tank 31 is transferred imder pressure to the injector 

34 (humidifying device) through a water supply passage 33 from a water supply 
pimip 32. Water is injected into the hydrogen supply passage 6 and the air 

15 supply passage 12 from the water injector 34. This operation allows the 
hydrogen gas and the air introduced into the fuel cell 1 to be h umidifi ed. 

A pressure regulator valve 35 is provided in the water supply passage 33 
in order to maintain the water supply pressure to a fixed value. A first return 
passage 36 extending from the pressure regulation valve 35 is connected to the 

20 upstream side of the water supply pump 32 on the water supply passage 33. A 
cut-off valve 38 which is normally in the closed position is provided in a second 
return passage 37 which branches from the water supply passage 33 downstream 
of the water pump 32 and returns water to the water tank 31. A cut-off valve 40 
which is normally in the closed position is provided in a. third return passage 39 

25 which branches from the first return passage 36 of the pressure regulator valve 

35 and returns water to the water tank 31. When the cut-off valves 38, 40 are 
both opened, water is drained to the water tank 31 through the return passage 37, 
39. 

After high levels of power generation by the fuel cell 1 are enabled, a 
30 controller 51 regulates a hydrogen flow amount flowing in the hydrogen supply 
passage 6 in response to the required power generation amoxmt by controlling a 
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pressure control valve 4 provided in the hydrogen supply passage 6. Even when 
for example the required power generation amoumt is varied, the controller 51 
controls the air flow amount from the compressor 11 in order to obtain an optimal 
ratio (fixed value) between the flow amounts of air and hydrogen in response to 
signals from a flow amount sensor 52 for detecting a hydrogen flow amount and a 
flow amount sensor 53 for detecting an afr flow amount in the afr supply passage 
12. 

The controller 15 comprises a microcomputer having a central processing 
unit (CPU) for running programs, read-only memory (ROM) for storing programs 
and data, random access memory (RAM) for temporarily storing data acquired as 
computing results from the CPU, and an input/output interface (I/O interface). 

The fuel cell system comprises a flow generator for generating a flow of 
coolant. The flow generator comprises a coolant pump 21 which is disposed in a 
coolant recirculation passage and transfers coolant under pressure. The fuel cell 
system comprises a coolant temperature regulation device which regulates the 
temperature of the coolant flowing inside the fael ceU 1 so that when high levels 
of power generation are enabled in the fuel cell 1, the temperatiore in the fuel ceU 
1 is substantially fixed. The coolant temperature regulation device comprises a 
coolant redrculation passage for recirculating coolant inside the fuel cell 1 and in 
a radiator 26, a first bypass passage 27 branching from the coolant recfrculation 
passage and bypassing the radiator 26, and a three-way valve (passage switching 
device) for switching the passage for the coolant from a passage passing through 
the radiator 26 to a passage passing through the first bypass passage 27. The 
controller 51 uses the three-way valve 28 in order to selectively switch the two 
passages in order to control the coolant temperature in the fuel cell. 

The radiator 26 performs heat exchange using outside afr entering while 
the vehicle is running. A pafr of coolant passages 22, 25 connect a coolant 
passage 95 in the fuel cell and the radiator 26. Thus, the coolant recfrculation 
passage is provided with a radiator 26, a coolant passage 95 inside the fuel cell 1, 
a coolant passage 22 and a coolant passage 25. Coolant flowing in the coolant 
recfrculation passage flows from the outlet of the coolant pump 21 to the coolant 



passage 22, the coolant passage 95 in the fuel cell 1, the coolant passage 25 and 
the radiator 26. Thereafter the coolant returns to the inlet of the coolant pump 
21. 

The first bypass passage 27 bypassing the radiator 26 branches from the 
5 coolant passage 25 downstream of the fuel cell 1. The first bypass passage 27 is 
connected with the coolant passage 22 through the three-way valve 28 (passage 
switching device). 

When no current is appHed, the three-way valve 28 connects the port A 
with the port C and isolates the port B fi-om the port C. When current is apphed, 

10 the three-way valve 28 cuts off the connection between the port A and the port C 
and connects the port B with the port C. Here the current serves as a command 
signal. The passage for coolant is switched firom a passage passing through the 
radiator 26 to a passage passing through the first bypass passage 27 as a result 
of activation or non-activation of the three-way valve 28. 

15 After high levels of power generation in the fael cell 1 are enabled, the 

controller 51 controls the three-way valve 28 so that the temperature of coolant 
in the fuel cell 1 coincides with a reference temperature (substantially fixed 
temperature). In other words, the controller 51 applies or does not apply a 
current to the three-way valve 28 and thus commands the three-way valve 28 to 

20 selectively switch the flow of coolant through the radiator 26 when the coolant 
temperature is higher than the reference temperature and through the first 
bypass temperature 27 when the coolant temperature is lower than the reference 
temperature. The reference temperature is determined in advance depending 
on the state of the fuel cell. Additionally the controller 51 controls the coolant 

25 flow amount injected by the coolant pump 21 in response to a signal fii-om a 
temperature sensor 83 for detecting a coolant temperature in the coolant passage 
outlet 24, a pressure sensor 55 for detecting a coolant pressure and a 
temperature sensor 54 for detecting coolant in the coolant passage inlet 23. The 
temperature sensor 83 detects a coolant temperature in the coolant passage 

30 outlet 24 as a measure of the temperature of the fuel cell 1. However instead of 
the coolant temperature in the coolant passage outlet 24, the temperature sensor 



83 may detect directly tJie temperature of the fuel cell 1. 

The electrical power generated by the fuel ceil 1 is supplied to electrical 
apparatuses such as a battery or an electrical drive motor. When the vehicle 
mounting the fuel cell system is parked and left in an external temperature of 
5 less than or equal to 0 °C, water in the water tank 31 freezes and supphed 
hydrogen gas and air can not be htunidified. Consequently in this embodiment, 
a defrosting device or a heater is provided in order to melt ice in the water tank 
31 using heat from tiie coolant which has an increased temperature using waste 
heat produced by power generation within the fuel cell 1. 

10 The water tank 31 is disposed downstream of the fuel cell 1 relative to the 

flow of coolant. A section of the coolant passage 25 which is connected to the 
coolant passage outlet 24 of the fuel cell 1 is provided in the water in the water 
tank 31. The section of the coolant passage in the water tank 31 is formed in 
the shape of a coil for example and serves as a heat exchanging section 61 (heat 

15 exchanger) allowing heat exchange between the coolant and the water in the 
water tank 31. In other words, the heat exchange section 61 is the defrosting 
device. 

A heat exchanger 65 is provided along the first bypass passage 27 and 
performs heat exchange operations between the coolant in the first bypass 

20 passage 27 and combustion gas. The heat exchanger 65 is integrated with an 
electrically heated catalyst 67 (EHC) and a catalytic combxistor 66. A hydrogen 
passage 68 branching from the hydrogen recirculation passage 9 is connected to 
the electrically heated catalyst 67. The other end of the discharge air passage 
69, one end of which is connected to the air passage outlet 14 of the fuel cell 1, is 

25 also connected to the electrically heated catalyst 67. A normally-closed cut-off 
valve 70 is provided in the hydrogen redrctdation passage 9. A normally-closed 
flow control valve 71 is provided in the branching hydrogen passage 68. A 
pressure control valve 72 is provided in the discharge air passage 69. 

The cut-off valve 3 and the pressure control valve 4 in the hydrogen 

30 supply passage 6 are opened, the cut-off valve 70 in the hydrogen recirculation 
passage 9 is closed and the flow control valve 71 in the branching hydrogen 
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passage 68 is opened to supply hydrogen. In this situation, hydrogen in the 
hydrogen tank 2 is supphed to the catal3^c combustor 66 through the hydrogen 
supply passage 6, the hydrogen passage in the fuel cell 1 and a branching 
hydrogen passage 68. When the compressor 11 is placed in the ON position and 
the pressure control valve 72 in the discharge air passage 69 is opened, air 
injected from the compressor 11 is supphed to the catalytic combustor 66 through 
the air supply passage 12, the air passage in the fuel ceU 1 and the discharge air 
passage 69. Hydrogen and oxygen present in the air are combusted in the 
catalytic combustor 66. Combustion gas flows into the heat exchanger 65 and 
heats coolant by heat exchange. Thereafter the combustion gas is discharged to 
the outside atmosphere. 

Since hydrogen is not reacted (combusted) with oxygen in the air until the 
catalyst in the catalytic combustor 66 reaches an activation temperature, the 
electrically heated catalyst 67 increases the temperature of the hydrogen gas and 
the air to a temperature enabling ignition in the catalytic combustor 66. 

Next the flowcharts in FIGs. 2-4 showing startup control of the fuel cell 
system executed by the controller 51 will be described. 

Referring to the flowchart in FIG. 2, a control routine for setting the 
below-freezing startup mode flag wiU be described. This control routine is 
executed only once when a signal from a switch 85 is switched from the OFF 
position to the ON position (in other words, when startup operations are 
commenced). The switch 85 may comprise a key switch normaUy provided in a 
vehicle. When the switch 85 is switched from OFF to ON to startup the vehicle, 
the fuel cell system is started. 

Firstly in a step SI, the water temperature Ttnk [°C] in the water tank 31 
is read via the temperature sensor 81. In a step S2, the water temperature Ttnk 
[°C] in the water tank 31 is compared with freezing point, 0 °C. When the water 
temperature Ttnk [°C] in the water tank 31 is less than or equal to 0 °C, it is 
determined that water in the water tank 31 has frozen and the routine proceeds 
to a step S3. In the step S3, the below-freezing startup mode flag is set to a 
value of unity (below-freezing startup mode flag = 1). The below-freezing 
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startup mode flag shows whether the fuel cell system is started at a temperature 
below or above freezing point. Thereafter the routine proceeds to a step S4 and 
a current is apphed to the electrically heated catalyst 67. As a result, the 
temperature of the electrically heated catalyst 67 is increased. 

5 At this stage, since it is not possible for the fuel cell 1 to perform high 

level power generation, the vehicle can not be operated. Thus in a step S5, the 
running permission flag is set to zero (running permission flag = 0). The 
rimning permission flag is a flag which shows whether or not the running of the 
vehicle is prohibited. When the running permission flag is set to zero, a lamp 

10 near the driver's seat showing that vehicle running is prohibited is illuminated. 

When the water temperature Ttnk in the water tank 31 exceeds freezing 
point 0 °C, it is determined that the water in the water tank 31 is not frozen. In 
this situation, the supplied gas can be immediately humidified and the system 
shifts to normal mode. Consequently high levels of power generation by the fuel 

15 cell 1 are enabled immediately. When the routine proceeds from the step S2 to 
the steps S6, S7, the below-freezing startup mode flag is set to a value of zero 
(below-freezing startup mode flag = 0), and the running permission flag is set to 
imity (running permission flag = 1). When the running permission flag is set to 
unity, a lamp near to the driver's seat showing that vehicle ruiming is prohibited 

20 is turned off. 

Referring to the flowchart in FIG. 3, a first startup control below freezing 
point will be described. The control routine in FIG. 3 is executed at a fixed 
interval (for example 10 msec). 

In FIG. 3, in a step Sll, the value of the below-freezing startup mode flag 
25 is read and it is determined whether the below-freezing startup mode flag is 
unity or not. When the below-freezing startup mode flag = 0, it is not necessary 
to perform startup control below freezing point. Thus the routine is terminated 
at that point. 

When the below-freezing startup mode flag = 1, the routine proceeds to a 
30 step S12 where a catalytic combustor ignition flag is read and it is determined 
whether the below-freezing startup mode flag is zero or not. The catalytic 
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combustor ignition flag is a flag showing whether or not it is possible to combust 
air and hydrogen in the catalytic combustor 66. when the catalytic eombustor 
ignition flag = 1, it is possible to combust air and hydrogen in the catalytic 
combustor 66. The catalytic combustor ignition'flag is set to an initial value of 
zero when the fuel cell system is started. When the catalytic combustor ignition 
flag has a Value of zero (catalytic combustor ignition flag = 0), the routine 
proceeds to a step S13 and the temperature Tehc [°C] in the electricaUy heated 
catalyst 67 is read via the temperature sensor 82. In a step S14, the 
temperature Ifehc [°C] of the electricaHy heated catalyst 67 is compared with a 
predetermined temperature Tl ["C]. The predetermined temperature Tl is the 
minimum temperature (for example, 70 - 80 °C) at which ignition of the gas 
comprising air and hydrogen is possible in the catalytic combustor 66. 

If the temperature Tehc of the electrically heated catalyst 67 is less than • 
a predetermined temperature Tl, the routine is terminated. At this time, a 
current is applied to the electricaUy heated catalyst 67 and the temperature Tehc 
of the electrically heated catalyst 67 inareases. 

When the temperature Tehc of the electricaUy heated catalyst 67 is 
greater than or equal to the predetermined temperature Tl, the routine proceeds 
from the step S14 to a step S15 and the catalytic combustor ignition flag is set to 
unity (catalytic combustor ignition flag = 1). At this time, hydrogen and air 
flows into the catalytic combustor 66 and is combusted. In a step S16, the 
compressor 11 is switched to the ON position in order to supply air to the 
catalytic combustor 66 and the pressure control valve 72 is opened. The cut-off 
valve 3 and the pressure control valve 4 are opened in order to supply hydrogen 
gas to the catalytic combustor 66, the cut-off valve 70 is closed and the flow 
control valve 71 is opened. 

In this manner, the air discharged from the compressor 11 passes tiirough 
the fuel ceU 1 and the pressure control valve 72 and is supplied to the electricaUy 
heated catalyst 67. Hydrogen flows through the cut-off valve 3, the pressure 
control valve 4, the fuel ceU 1, the flow control valve 71 and is supphed to the 
electricaUy heated catalyst 67. After being heated by the electricaUy heated 
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catalyst 67, hydrogen gas and air is introduced into the catalytic combustor 66 
and hydrogen is combusted using oxygen in the air by the catalyst which has 
reached an activation temperature. The resulting combustion gas is introduced 
into a heat exchanger 65 and discharges heat due to heat exchange with the 
5 coolant. Thereafter the combustion gas at reduced temperature is discharged to 
the atmosphere. Since the cut-off valve 70 is closed, hydrogen in the hydrogen 
recirculation passage 9 of the injector 5 is not recycled. 

In the step S17, the coolant which has been heated by combustion gas in 
the heat exchanger 65 is transferred to the fiiel cell 1 through a first bypass 

10 passage 27 by switching on the coolant pump 21. The controller 21 appUes a 
current to the three-way valve 28 so that the port A is cut off from the port C and 
the port B is connected to the port C. In this manner, coolant heated in the 
heat exchanger 65 flows into the inner section of the fuel cell 1 through the fuel 
cell inlet 23 via the coolant passage 22 from the first bypass passage 27. 

15 Thereafter coolant which has a lower temperatm-e due to heat loss in the fael cell 
1 flows through the coolant passage 25 fi:om the fuel cell outlet 24 and returns to 
the heat exchanger 65 of the first bypass passage 27. In a step S18, since 
combustion in the catalytic combustor 66 has already commenced, the appHcation 
of current to the electrically heated catalyst 67 is stopped and power consumption 

20 by the battery is stopped. 

Since the catalytic combustor ignition flag = 1, when the control routine is 
performed on the immediately subsequent occasion, the routine proceeds from 
the step S12 to the step S19 and the coolant temperature Tout TC] in the fuel cell 
outlet 24 is read as a measure of the temperature of the fuel cell 1 via the 

25 temperature sensor 83. In a step S20, the coolant temperature Tout PCl in the 
fuel cell outlet 24 is compared with fireezing point, 0 °C. 

If the coolant temperature Tout PC] in the fuel cell outlet 24 is less than 
Jfreezing point 0 the routine proceeds to a step S21. In the step S21, the 
hydrogen flow amoimt flowing through the flow control valve 71 is controlled so 

30 that actual hydrogen flow amount detected by the. flow amount sensor 52 
coincides with the reference hydrogen flow amount. The reference hydrogen 



-13- 

flow amount is detenoined in advance so that heat generation is performed 
efficiently in the catalytic combustor 66. In this manner, the heat release 
amount of the catalytic combustor becomes a fixed value for example (refer to the 

sohd hne in FIG. 5A). 

FIG. 5 is a schematic diagram of variation over time of the catalytic 
combustor heat release value after the fuel ceU 1 is started at a timing tl when 
water in the water tank 1 is below fireezing point (the sohd line in FIG. 5A), of the 
power generation amount in the fael cell 1 (the broken line in FIG. 5A), of the 
coolant temperature at the fuel ceU outlet (FIG. 5B) and of the ice melt amount 
(FIG. 5C). 

In a step S22, the compressor 11 and the pressure control valve 72 are 
controlled in order to regulate the pressure and the flow amount of the air 
discharged from the compressor 11 so that the actual combustion temperature 
detected by the temperature sensor 84 coincides with a reference temperattire. 
When the actual combustion temperature is lower than the reference 
temperature, the air-fuel ratio (the ratio of the hydrogen flow amount and the air 
flow amount) is controlled to be rich by the decrease in the air flow amount 
introduced to the catalytic combustor 66. In this manner, the combiostion 
temperature increases. Conversely when the actual combustion temperature is 
higher than the reference temperature, the air-fuel ratio is controlled to be lean 
by the increase in the air flow amount. In this manner, the combustion 
temperatvire decreases. 

The coolant pimip 21 is operated and the heat generated by the cataljrtic 
combustor 66 is appHed to the coolant by the heat exchanger 65 which results in 
a temperature increase in the coolant. The coolant which has \andergone a 
temperature increase passes through the three-way valve 28 firom the first - 
bypass passage 27 and flows into fuel cell 1. The heat generated in the catalytic 
combustor 66 is transferred to the fuel cell 1 through the recirculation of the 
coolant and allows the temperatiare of the fuel cell 1 to increase. The fuel cell 1 
normally has the coolant passage 95 arranged such that the fuel cell 1 performs 
extremely efficient heat exchange operations with the coolant flowing through 
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the coolant passage 95 in the fuel ceU 1. Thus the temperature of the coolant at 
the coolant outlet 24 of the fiiel ceU 1 faUs to a temperature which is 
substantiaUy equal to the temperature of the fuel ceU 1. Thus although the fuel 
cell 1 imdergoes a temperature increase due to the absorbed heat, the 
temperature of the coolant at the fuel ceU outlet 24 is substantiaUy equal to the 
temperature of the fuel ceU 1. Thus if the fael ceU 1 is to be greater than or 
equal to 0 °C, the coolant temperature at the fuel ceU outlet 24 must also be 
greater than or equal to freezing point 0 "C. Even when high levels of power 
generation are performed if the fuel cell 1 is below freezing point (for example - 
20 °C), water produced as a result of power generation is cooled and refreezes in 
the fuel cell 1 which is below freezing point. If the fuel cell 1 is not heated to a 
temperature at which water does not refreeze, high levels of power generation in 
the fuel ceU 1 are not possible. Thus high levels of power generation are only 
possible and the running permission flag allowing vehicle running is set to unity 
after the coolant temperature of the fuel ceU outlet 24 exceeds freezing point 0 °C 
(after the time t2 in FIG. 5). 

When coolant at a temperature of less than 0 °C flows into the water tank 
31 which is downstream of the fuel cell 1, heat is apphed to the ice gradually by 
the heat exchanger 61 in the water tank 31. However this does not resiilt in 
melting of ice. The freezing point of the coolant (for example -20 °C) is much lower 
than 0 °C and it can flow at a temperature less than 0 °C. Thus as shown in FIG. 
5C, the melted amoimt of ice, in other words, the heat used to melt ice is 
substantially zero, in this stage. In the heat exchanger 61 in the water tank 1, 
the coolant does not lose much heat due to a lack of heat of fusion apphed to ice. 
In this manner, it is possible to apply heat produced in the catalytic combustor 66 
efficiently only to the fuel ceU 1. Thus the heat can be applied to the fuel ceU 1 
which is at a temperature in the vicinity of 0 °C. With respect to the same 
hydrogen consumption amount, it is possible to rapidly reach high levels of power 
generation by the fuel ceU 1 and a state enabling vehicle running. 

In this manner, when the coolant temperature Tout at the fuel cell outlet 
24 is greater than or equal to 0 °C, it is determined that the fuel cell 1 is in a 



-15- 

condition enabling high levels of power generation. Thus the routine proceeds 
from the step S20 to the step S23 and S24. As a resialt, below-freezing startup 
mode is terminated and vehicle running is permitted. In a step S23 the 
below-freezing startup mode flag is set to zero and in a step S24 the running 
permission flag is set to unity. When the running permission flag has a value of 
unity, a lamp near to the driver's seat showing that vehicle running is prohibited- 
is turned off. 

When the driver operates the vehicle after the lamp is turned off, the fuel 
cell 1 generates the electrical power required for vehicle operation. Therefore, in 
a step S25, the cut-off valve 70 is opened, the flow control valve 71 is closed, 
hydrogen supply to the catalytic combustor 66 is terminated and hydrogen is 
recirculated to the hydrogen recirculation passage 9. In other words, the 
controller 51 stops the operation of the heat exchanger 65 (heater) by stopping 
supply of hydrogen to the catalytic combustor 66. This is due to the fact that it 
is possible to heat the coolant flowing into the fuel cell 1 using the power 
generated in the fuel cell 1. In this manner, combvistion in the catalytic 
combustor 66 is finished and the combustor heat release value becomes zero (the 
solid Hne in FIG. 5A). 

However at this time (the time t2 in FIG. 5), ice in the water tank 1 is not 
melted. As a result, in the step S26, the defrosting flag (initial value of zero at 
the beginning of the startup operation of the fuel cell system) is set to unity 
(defrosting flag = 1). The defrosting flag is a flag showing whether or not 
melting of ice is currently performed in the water tank 31. When it is assTomed 
that the vehicle is operated immediately afl;er the lamp showing that vehicle 
running is prohibited is turned off, the power generation amoimt in the fuel cell 1 
increases after the time t2 as shown by the broken line in FIG. 5A. 

When the vehicle is running, the temperature of the fuel cell 1 increases 
as a result of power generation in the fuel cell 1, and coolant flowing in tiie ftiel 
cell 1 is heated by heat (waste heat) produced by the fuel cell 1. As a result, as 
shown by the soUd hne in FIG. 5B, the coolant temperatxire Tout of the fuel cell 
outiet 24 inCTeases to a temperature which is higher than 0 °C. Heat 
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(corresponding to heat of fasion) is applied to ice by the heat exchanger 61 in the 
water tank 31 as a result of the circulation of cooleint which is at a temperature 
higher than 0 °C. As a result, ice is melted. The melted amount of ice which is 
zero at a time t2 as shown in FIG. 5C increases as a function of time. At a time 
5 t4, melting of all of the ice in the water tank 31 is finished and the amount of ice 
melted after the time t4 becomes fixed. After the time t4, the coolant 
temperature at the fiael cell outlet 24 increases more rapidly than before the time 
t4. 

In this manner, in this embodiment, firstly the fuel ceU 1 is heated to 
10 greater than or equal to a value of 0 "C using coolant which has a high 
temperatiire as a result of heat exchange in the heat exchanger 65. Melting of 
ice in the water tank is performed using the coolant applied heat (waste heat) 
produced dviring power generation in the fael cell. After melting of all the ice in 
the water tank 31 is finished, the fuel ceU system shifts to normal operation 
15 mode. 

FIG. 4 describes a second startup control below fireezing point. The 
control routine in FIG. 4 is executed at a fixed period (for example, 10 msec). 

In a step S31 in FIG. 4, the running permission flag is read to determine 
whether or not the running permission flag is unity, and in a step S32 the 

20 defi-osting flag is read to determine whether or not the defi-osting flag is unity. 
When the ninning permission flag = 1 and the defi-osting flag = 1, the routine 
proceeds to the step S33 where a coolant temperature Tout [°C] at the fuel cell 
outiet is read via the temperature sensor 83. In the step S34, the coolant 
temperature Tout [°C] at the fuel cell outiet is compared with a second 

25 predetermined temperature T2 [°C]. 

The second predetermined temperature T2 is the temperature when 
melting of all the ice in the water tank 31 should be finished. The second 
predetermined temperature T2 depends on the power generation amount in the 
fuel cell 1. The ROM of the controller 51 may store a table of predetermined 

30 temperatures T2 corresponding to a power generation amount in the fuel ceU 1. 
Thus the controller 51 may look up a table in order to calculate a predetermined 
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temperature T2 from an actually detected power generation amount of the fuel 
cell. Put simply, a predetermined temperature T2 may be a constant. In a step 
S34, other than the temperature comparison, it may be determined whether or 
not the melting of all the ice in the water tank 31 is finished based on the power 
5 generation amount of the fuel cell 1. 

When the coolant temperature Tout of the fuel cell outlet is less than the 
fixed temperature T2, since melting of all ice in the water tank 31 is not finished, 
the routine is terminated. When the coolant temperature Tout of the fuel cell 
outlet 24 is greater than or equal to the predetermined temperature T2 (the time 

10 t4 in FIG. 5), it is determined that melting of all of the ice in the water tank 31 is 
finished and the routine proceeds to a step S35. In the step S35, the defrosting 
flag is set to a value of zero (defrosting flag = 0). Thereafter in a step S36, 
apphcation of current to the three-way valve 28 is stopped, the port B and the 
port C are cut off and the port A and the port C are connected. In this manner, 

15 the fuel cell system shifts to normal mode and coolant flows through the radiator 
26. 

The effect of this embodiment will be described hereafter. 

(a) Since water freezing in the water tank 31 is melted using heat 
(waste heat) in the fuel cell 1 produced as a result of power generation, it is 

20 possible to prevent excess consumption of hydrogen gas in the fuel cell 1 or excess 
use of power. In this manner, fuel consumption in the fuel cell system can be 
reduced. Most of the heat produced below freezing point by power generation 
can be used to increase the temperature of the fuel ceU 1. Thus it is possible to 
shorten the time (the startup time of the fuel cell) xmtil high levels of power 

25 generation are enabled. 

(b) Since the heat exchanger 61 in the water tank 31 is disposed 
downstream of the fuel cell 1, heat in the coolant heated in the heat exchanger 65 
is transmitted to the fuel cell upstream of the water tank 31 and the temperature 
increase of the fuel cell 1 can be optimized. After undergoing heat exchange in 

30 the fuel ceU 1, the coolant flows to the heat exchanger 61 in the water tank 31. 
In this case, since the temperature of the coolant leaving the fuel cell 1 is lower 
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than the temperature of the main section of the fuel cell 1, it is possible to 
prevent the temperature of the coolant leaving the fuel cell 1 from exceeding 0 °G 
until the temperature of the main body of the fuel cell 1 is greater than or equal 
to 0 °C. In this manner, the energy required until high levels of power 
5 generation start in the fuel cell 1 is not high and the fuel cell 1 can be started 
rapidly. 

(c) During high load operations when the external temperature is 
high, the fuel cell 1 of course has a high temperature. The first bypass passage 
27 (normally narrow) is adapted so that coolant does not flow under these 

10 conditions. A large amount of coolant flows into the coolant recirculation 
passage (22, 25) and the temperatrire of the fuel ceU 1 is reduced. If a heat 
exchanger 65 was provided in the coolant recirculation passage (22, 25) as a 
heater, it would be necessary to increase the capacity of the coolant pump 21 due 
to pressTore loss. However in this embodiment, since the heat exchanger 65 is 

15 provided in the first bypass passage 27 to act as a heater instead of being 
provided in the coolant recirculation passage (22, 25), it is possible to avoid an 
increase in the pressure loss of the coolant recirculation passage (22, 25). 

(d) The water tank 31 is positioned on the coolant passage 25 
upstream of the branching position of the first bypass passage 27 firom the 

20 coolant passage 25. As a result, water in the water tank 31 can be maintained 
at a high temperature by the coolant warmed by the fuel cell 1 not only while the 
fuel cell 1 is warmed up but even when the fuel cell 1 is operated at a high 
temperature when coohng the fuel cell 1 is necessary. In this manner, less heat 
is required to evaporate water used for humidifying operations. In particular, 

25 when the water tank 31 is insulated, the effect is increased. 

(e) When the temperature of the fuel cell 1 is less than 0 °C, the 
water in the water tank 31 does not exceed 0 °C. As a result, when the heat 
exchanger 65 is operated as a heater in a region in which the temperature 
detected value of the fuel ceU is less than 0 °C, a large amount of heat from the 

30 heat exchanger 65 is not used as heat of fusion to melt ice. The heat energy of 
the heat exchanger 65 is used to increase the temperature of the ice in the water 



• * -19- 

tank 31 to 0 °C. In this manner, it is possible to melt ice in the water tank 31 
using only waste heat from the fuel ceil 1. Therefore it is possible to suppress 
hydrogen gas consumption other than the hydrogen gas required for power 
generation. 

5 Referring to FIG. 6 and FIG. 7, a second embodiment will be described. 

FIG. 6 shows a schematic figure of a fuel cell system according to a second 
embodiment. The flowchart shown in FIG. 7 shows a startup control routine 
below fi-eezing point according to the second embodiment. FIG. 6 replaces FIG. 
1 and FIG. 7 replaces FIG. 3. In FIG. 6, the same components are designed by 

10 the same reference nimierals as those used in FIG. 1. In FIG. 7, the same step 
numbers are designed by the same reference numerals as those used in FIG. 3. 

As shown in FIG. 6, the point of difference of the second embodiment from 
the first embodiment is that the fuel ceU system is provided with a second bypass 
passage 91 which bypasses the water tank 31 and is connected fii'om the coolant 

15 passage outlet 24 of the fiiel cell 1 to the first bypass passage 27. The second 
bypass passage 91 is connected to the bypass passage 27 through the three-way 
valve 92. When no current is applied, the three-way valve 92 connects the port 
D with the port F and cuts off the port E fi:'om the port F. When current is 
applied, the port D is cut off from the port F and the port E is connected to the 

20 portF. 

In FIG. 7, the point of difference fi"om the first embodiment lies in the 
addition of the step S41. In the FIG. 7, when the temperature Tehc of the 
electrically heated catalyst 67 reaches a predetermined temperature Tl and 
enables ignition in the catalytic combustor 66, supply of air and hydrogen to the 

25 catalytic combustor 66 is performed in the step S16 and S17. In the first 
embodiment, the coolant flows through the heat exchanger 61 in the water tank 
31. In contrast in the second embodiment, coolant bj^asses the water tank 31 
since a current is not applied to the three-way valve 92 in this stage. 

Thereafter the coolant temperature Tout of the fuel cell outlet 24 takes a 

30 value of greater than or equal to 0 ""C. Thus high levels of power generation by 
the fuel cell 1 are possible and vehicle operation is permitted. In the step S25, 
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hydrogen supply to the catalytic combustor 66 is stopped and the routine is 
proceeds to a step S41. In the step S41, the controller 51 applies a current to the 
three-way valve 92 so that coolant flows via the heat exchanger 61. In other 
words, the controller 51 commands the three-way valve 92 to cut off the 
5 connection of the port D and the port F and connect the port E with the port R 

Thus the point of difference from the first embodiment of the second 
embodiment is that while the coolant temperature Tout (which can be 
representative of the temperature of the fuel cell) in the fael cell outlet 24 is less 
than 0 °C, coolant flows through the second bypass passage 91 to the three-way 

10 valve 92 (passage switching passage) and does not flow via the heat exchanger 61. 
In this manner, heat energy produced in the heat exchanger 65 (the heater) in 
the water tank 31 is not used in the heat exchanger 61 in the water tank 31. In 
other words, the heat exchanger 65 does not generate heat energy for increasing 
the temperature of ice and latent heat of fusion required for melting ice in the 

15 water tank 31. In this manner, it is possible to shorten the startup time of the 
fuel cell 1. 

When the coolant temperature Tout of the fuel cell outlet 24 takes a value 
which is greater or equal to a second predetermined temperature T2 and melting 
of all ice in the water tank 31 is firdshed, a current is not apphed to the 

20 three-way valve 28, and thus coolant is recirculated through the radiator 26 and 
the heat exchanger 61. 

The above two embodiments rest on the premise that the heat exchange 
characteristics with the coolant in the fuel cell are extremely efficient and that 
the temperature of the fuel cell is approximately equal to the coolant 

25 temperature Tout at the outlet of the fuel cell 1. However when heat exchange 
characteristics with the coolant in the fuel cell are poor and the coolant 
temperature Tout at the outlet of the fuel cell 1 diverges from the fuel cell 
temperature, the temperature sensor 83 performs direct detection of the 
temperature of the main body of the fuel cell 1 instead of detecting the 

30 temperature of the coolant at the fuel cell outlet. Thus the temperature at 
which power generation by the fuel cell 1 is enabled can be accurately detected. 
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Further, hydrogen supplied to the fuel cell 1 in the above two 
embodiments may comprise hydrogen (reformate gas) obtained as a result of 
reforming a hydrocarbon fael. 

The entire contents of Japanese Patent Application P2002-301448 (ffled 
5 October 16, 2002) are incorporated herein by reference. 

Although the invention has been described above by reference to certain 
embodiments of the invention, the invention is not hmited to the embodiments 
described above. Modifications and variations of the embodiments described 
above will occur to those skilled in the art, in Hght of the above teachings. The 
10 scope of the invention is defined with reference to the following claims. 



